Abstract The main aim of this work was to assess the ability of thermogravimetric method to predetermine the surface activation properties of the coatings intended for laser-assisted electroless metallization. In this technique of metallization, surface of polymer material has to be activated before immersing in electroless metallization bath. Surface activation may consist in compositional modification of polymer material and in laser irradiation. In this work, polyurethane or epoxy coatings containing copper(I) oxide and copper(II) acetylacetonate or copper hydroxide were laser irradiated and then electrolessly metallized. Surface activation properties are evaluated usually by means of optical imaging, scanning electron microscopy, energy-dispersive X-ray spectroscopy and Fourier transform infrared spectroscopy. In this work, an attempt was made to evaluate these properties based on thermogravimetric measurements.
Introduction
The very first galvanic metallization baths for autocatalytic deposition of copper or nickel were elaborated in the 50 s of the twentieth century [1] . Currently, most of the metallized polymers are thermoplastics, of which more than 90 % are represented by poly(acrylonitrile-butadiene-styrene) [2] [3] [4] . Initially, metallization of polymers was applied for decorative purposes, but with the development of metallization methods a number of applications have significantly increased. Metallized polymers are frequently used in many fields of technology including manufacturing of electronic integrated circuits, equipment for cars, airplanes and ships. Dynamic development of electronic devices, ongoing demands for their miniaturization as well as other requirements of modern technology constitute an important stimulus for conducting basic and experimental researches in the field of polymer metallization [5] [6] [7] [8] . In electronics, physical (PVD) or chemical (CVD) vapour depositions of thin metallic films on the polymer substrate are mainly applied [9] [10] [11] . However, chemical autocatalytic metallization is the most widely industrially applied method for polymer metallization.
The key issue in chemical autocatalytic metallization is proper activation of polymer surface. It mainly consists in covering the polymer surface with catalytic atoms, which catalyse the reduction of metal ions from metallization bath [12] [13] [14] . The most frequently applied catalyst is palladium, but copper, gold and silver are also used [15] [16] [17] .
In the last years, new approach for laser-assisted electroless metallization of polymers was proposed [18, 19] . It consists in application of organic and inorganic metal compounds (precursors) into the polymer matrix at the stage of composite manufacturing, and next in laser irradiation. As a result of laser irradiation polymer matrix is ablated, whereas heavier metal atoms extracted from precursors remain on the polymer surface and can catalyse electroless metallization [20] [21] [22] .
Many specially designed polymer composites have been proposed as applicable for laser-assisted electroless metallization. However, designing, manufacturing and laser irradiation are needed to verify final ability of the composites to be electrolessly metallized. These experimental processes are time-and fund-consuming; thus, proposition of any simplified method to predetermine surface activation properties of the composites would be highly desirable. In the context of this need, thermogravimetry was proposed in this work as a very informative and promising method to predetermine surface activation properties. In general, thermogravimetry is used to determine thermal degradation and stability of various materials as polymers [23] , composites [24] , metal oxides [25] or complexes [26] . In this work, this technique was used to predetermine coatings ability to be directly metallized after laser surface activation. It was based on the assumption that thermal degradation is the main reason for laser-induced surface activation of polymer composites containing metallic compounds. Laser ablation (mass loss) results in the release of metal species on composite surface, which causes its activation for direct electroless metallization. More detailed analysis for this correlation will be presented further in section concerning results and discussion.
Various coatings composition was prepared and tested in order to find some relation between polymer degradation affected by heat induced by laser irradiation and during TG experiments. Polyurethane or epoxy resins were mixed with the powders of copper(I) oxide and copper(II) acetylacetonate or copper hydroxide. The coatings were tested by means of TG and further by standard procedures for evaluation of coatings ability to be electrolessly metallized.
Experimental Materials
The following materials were applied: , melting temperature T m = 245°C, purity 97 %.
• Copper(I) oxide, with formula: CuO 2 (Sigma-Aldrich, USA), molar mass 143 g mol -1 , T m = 1232°C, purity 97 %.
• Copper(II) hydroxide, with formula Cu(OH) 2 
Processing
Coatings were prepared by mixing the resins E or U with the powders of CuO 2 and Cu(acac) 2 or Cu(OH) 2 . Next injection moulded polycarbonate sheets were dip-coated within the coatings mixtures. The detailed compositions of prepared coatings are presented in Table 1 . The coatings were dried for 7 days at room temperature and afterwards irradiated with excimer laser type LPX 300 (Coherent, USA). Various number of laser pulses (5, 10, 50 or 100) at fluence of 100 mJ/cm 2 and repetition rate 5 Hz were applied. For clarity of discussion, coatings which were irradiated with different number of laser pulses were additionally designated by the number following designation of coatings (e.g. U1_100). Exact value of laser fluence was determined using power meter type FieldMax II TOP (Coherent Inc., USA). The aim of laser irradiation was to create copper agglomerates on coatings surface. Laser activated coatings could be metallized by chemical means without any additional pretreatments.
After laser irradiation, coatings were electrolessly metallized. The metallization process was performed using sixcomponent metallization bath with formaldehyde as reducing agent. The pH value of the bath was 12.8 at temperature 46°C. The samples were metallized for 60 min while the bath was aerated.
Examination
Thermogravimetric measurements were taken using thermogravimeter Q500 (TA Instruments, USA). The samples of about 10 mg were deposited in an open platinum crucible and then heated from room temperature up to 700°C at constant rate of 10°C/min. The experiments were conducted under nitrogen flow of 54 ll/min. Optical imaging of copper-plated coatings was performed using standard digital camera. Performed photos clearly evidenced ability of coatings to be metallized after laser irradiation.
Scanning electron microscopy (SEM) was done using microscope type SU8010 (Hitachi, Japan). SEM images were recorded at 15 kV electrical voltage and electron current of about 65 lA. While electron beam was scanning, the samples' secondary electrons and X-ray radiation (EDX techniques) were registered in appropriate detectors. Coatings which were not plated with copper were covered with thin (2 nm) vapour deposited gold layer before SEM imaging.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy of the coatings was also performed. Final spectra have an average of 16 spectra recorded for the wavenumber ranged from 4000 to 650 cm -1 .
Results and discussion
Laser irradiation can initiate various chemical and physical processes within surface layer of polymer material. There are two main key parameters in laser surface treatment of polymer material. It is laser fluence (F) defined as laser pulse energy per unit area and absorption coefficient (a) of laser radiation at a specific wavelength (k). If the laser fluence is high enough, material fragments are ejected (laser ablation). The critical value of the fluence (F th ) at which this process begins is called ablation threshold.
In general, the change of fluence (oF) per change of penetration depth (oz) of laser radiation is proportional to a and to fluence (F 0 ) of incidence can be expressed by Lambert-Beer law:
Transforming Eq. 2 depth (L) of ablation can be determined [27] :
This logarithmic relationship can be graphically represented as shown in Fig. 1 . Below ablation threshold photochemical reaction as oxidation, grafting and crosslinking can occur but polymer is not ablated. However, above this value accumulated energy is high enough to initiate polymer ablation. Polymer ablation results from degradation associated with loss of polymer mass.
During laser ablation, some critical value of temperature (T max ) cannot be exceeded because excess of energy is converted into kinetic energy of ejected material fragments. This temperature can be expressed by the formula:
where q-material density, c-heat capacity constant. Laser ablation is necessary for surface activation of polymer composite in laser-assisted electroless metallization. Polymer fragments are ablated, while heavier metal atoms are left on the surface. These atoms can catalyse reduction of copper ions from metallization bath on the surface of polymer composite.
In general, with increasing fluence of laser radiation better effects of surface activation are obtained [28, 29] . Laser fluence is converted in heat in polymer surface layer. Induced heat causes polymer degradation and formation of low molecular weight degradation products (e.g. monomers, H 2 , CO 2 , CO, H 2 O and O 2 ). This mechanism is similar to that in thermogravimetric experiments. Therefore, an idea to use thermogravimetric experiments to predetermine surface activation properties of specially designed polymer composites can be reasonable.
Thermogravimetric curves for coatings E1 and U1 are presented in Fig. 2 , whereas for coatings E2 and U2 in Fig. 3 .
In general, it is well seen that polyurethane coatings were more susceptible to thermal degradation than epoxide coatings (Figs. 2a, 3a) and degraded more rapidly (Figs. 2b, 3b) . Because laser ablation is very dynamic process of mass removal, the data of thermogravimetric analysis which can be correlated with this process should be find for highest extrema of DTG curves. The temperatures for the main extrema of DTG curves for epoxide coatings E1 and E2 were 445 and 443°C, respectively, , whereas for coatings U1 and U2 -0.60 and -0.73 %°C -1 , respectively. Thus, one can presume that laser ablation rate can be higher in case of polyurethane than epoxide coatings.
Coatings were laser irradiated and electrolessly metallized to verify the hypothesis that thermogravimetric heatinduced degradation can reflect the effects of laser-induced degradation. The effects of metallization for coatings irradiated with 50 laser pulses are presented in Fig. 4 .
It can be noticed that copper layers are visible on polyurethane coatings, while epoxide coatings stayed uncovered. These results are in line with thermogravimetric measurements because epoxide coatings were more resistant to heat-induced degradation as compared to polyurethane coatings. The fact that coatings U2 are better metallized than coating U1 is also well reflected by thermogravimetric measurements. Mass loss of coating U2 was about 75 % while of coating U1 about 70 %.
The effects of surface activation between coatings U1 and U2 irradiated with various number of laser pulses are presented in Fig. 5 .
It is well seen that coating U2 had better ability to be laser activated and thus electrolessly metallized. Coating U1 was more heat resistant than coating U2 as proved by TG analysis. Therefore, higher energy doses of laser radiation were needed to ablate and activate surface of coating U1 than U2.
Laser ablation of coatings caused removal of polymer matrix, whereas heavier copper atoms were agglomerated on the surface (Fig. 6) . Number of copper agglomerates increased with increasing number of laser pulses (Fig. 6 ). It resulted from progressive ablation of polymer matrix and from reduction of copper compounds to metallic copper. Reduced copper compounds formed copper agglomerates. Copper agglomerates as resistant to laser ablation formed a mask against laser radiation for the material beneath. On the other hand, black area between the bright copper agglomerates represents cavities formed as a result of laser ablation (Fig. 6) .
EDX analysis was performed to determine changes of copper content in coatings surface layer (Fig. 7) . These results confirmed that more copper agglomerates were formed in coatings U2 than U1, especially at lower radiation doses (up to 100 laser pulses).
Change in chemical structure of coatings induced by laser radiation was also evaluated based on ATR-FTIR analysis (Figs. 8, 9) .
The spectra at wavenumber from 4000 to 1700 cm -1 for coatings U1 were changing less pronounced with increasing number of laser pulses as compared to the spectra for coatings U2. The slope of the baseline increased at wavenumber 4000 cm -1 reaching absorbance of 0.37 for coating U2_500 and 0.27 for coating U1_500. This increase was caused by increasing roughness of ablated polymer coatings which lead to diffraction of IR radiation. Additionally, with increasing number of laser pulses a decrease in CH 2 /CH 3 absorption bands (at 3000-2800 cm -1 ) characteristic for polyurethane resin was observed. This decrease resulted from progressive U1 U2 U1_10 U2_10 U1_50 U2_50 U1_100 U2_100 U1_500 U2_500 
Conclusions
Application of lasers in electroless metallization of polymer material is very promising method. This method is currently intensively studied and developed. Its fundamental aspect is to design new compositions of polymer materials characterized with high susceptibility to electroless metallization. Therefore, new composites have to be prepared, then laser irradiated and in the final step metallized in order to prove surface activation properties. However, this is time-and fund-consuming process. As presented in this work, thermogravimetry can be informative method to predetermine composites ability to be metallized after laser modification. This measurement technique well reflects thermal degradation of polymer materials which can be compared to laser-induced polymer degradation to some extent. Application of TG can contribute to more effective designing process of new polymer composites. This, however, should be experimentally verified based on the larger series of various composites. Wavenumber/cm -1 U2_0 U2_10 U2_50 U2_100 U2_500
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